Rabbit chondrocyte cultures on plastic dishes are capable of depositing a cartilaginous matrix, although the matrix does not calcify unless high levels of phosphate are added to the medium. In the present study, we cultivated a pelleted mass of, rabbit growth-plate chondrocytes in the presence of Eagle's minimum essential medium supplemented with 10% fetal bovine serum and 50 ,sg of ascorbic acid per ml in a plastic centrifuge tube. These cells proliferated for several generations and then reorganized into a cartilage-like tissue that calcified without additional phosphate. The deposition of minerals was observed only after synthesis of a short-chain collagen and alkaline phosphatase. Serum factors were required for the increases in alkaline phosphatase and calcium contents. 5-Bromo-2'-deoxyuridine abolished the increases in uronic acid, alkaline phosphatase, and calcium contents. Transforming growth factor J3, at very low concentrations, suppressed the expression of the mineralization-related phenotype by chondrocytes. These results suggest that cartilugematrix calcification can be controlled by growth factor(s) and that chondrocytes induce the mineralization of extracellular matrix when terminal differentiation is permitted in the absence of an artificial substrate.
The calcification of the extracellular matrix in growth-plate cartilage is a key event that leads to longitudinal growth ofthe skeleton. Growth-plate cartilage is organized into three cellular zones containing proliferating, maturing, and hypertrophic cells. Maturing chondrocytes synthesize and deposit large amounts of cartilage-specific proteoglycans and type II collagen. The calcification process is confined to the hypertrophic zone where mineralization is initiated in matrix vesicles (1, 2) . Hypertrophic chondrocytes produce a shortchain (type X) collagen (3, 4) and alkaline phosphatase (4) (5) (6) , some of which is associated with matrix vesicles (4, 6) .
Hypertrophic cells eventually die, and the zone is invaded by capillary sprouts. Vascular invasion is believed to play an important role in the onset of mineralization (see refs. 7 and 8 for review), but it remains unclear whether hypertrophic chondrocytes have the capacity to induce extracellular matrix mineralization in the absence of vascular invasion.
Chondrocyte cultures have been used extensively during the past 30 years to study the control of their phenotypic expression. However; there have been few studies demonstrating cartilage-matrix calcification in a cell culture system. It has been reported that embryonic chicken chondrocytes (9) (10) (11) and rat growth-plate chondrocytes (12) in mass cultures on plastic dishes produce an abundant extracellular matrix, although the matrix does not calcify unless high levels of phosphate (3- fold over the level in standard medium) are included (11, 12) . The mineral deposition with high phosphate should be regarded as a physicochemical phenomenon (12) . Because of the lack of a good in vitro system, no information about the regulation of cartilage calcification is currently available. We have therefore attempted to develop a chondrocyte culture system that mimics the in vivo process of calcification. To this end, dissociated rabbit growth-plate chondrocytes were suspended in Eagle's minimum essential medium (MEM) supplemented with 10% fetal bovine serum in a plastic centrifuge tube. The cells were then centrifuged briefly to facilitate cell aggregation. These cells first proliferated and then reorganized into a cartilage-like tissue with sequential increases in the syntheses of a short-chain collagen and alkaline phosphatase prior to mineralization. Furthermore, transforming growth factor p (TGF-,8), serum factors, and 5-bromo-2'-deoxyuridine (BrdUrd) controlled the induction of alkaline phosphatase and mineralization.
MATERIALS AND METHODS
Chondrocyte Cultures. Growth-plate chohdrocytes were isolated from rib cartilages of 3-to 4-week-old male New Zealand rabbits as described by Shimomura et al. (13) . Freshly isolated chondrocytes were suspended in MEM supplemented with 10% fetal bovine serum and 50 ,ug of ascorbic acid, 32 units of penicillin, and 40 ,g of streptomycin per ml (medium A). The cell suspension (8 x i04 cells in 1.0 ml of medium A) was transferred into a 15-ml plastic centrifuge -tube (Corning 25319, polypropylene) and centrifuged at 1500 rpm for 5 min. The resulting cell pellet was incubated at 370C under 5% CO2 in air. In some experiments, a cell suspension (20 x 104 cells in 0.1 ml of medium A) was transferred into stainless steel Penicylinders (inside diameter, 6 mm; Kamei, Osaka, Japan) placed in the center of 35-mm plastic tissue culture dishes. These cells were incubated for about 24 hr at 370C under 5% CO2 in air until the cells became attached to the substrate (12) . The Penicylinders were then removed, and the cultures were exposed to 1 ml of medium A. Alternatively, cells were seeded at a low density (8 x 104 cells in 1 ml of medium A per 35-mm plastic tissue culture dish). All cultures were fed with fresh medium A (1 or 2 ml) 6 days after cell seeding. Low-density cultures on plastic dishes were fed with 2 ml of medium A 6 days after cell seeding, because the final cell number of the cultures (13 ,g of DNA per culture) was 2-fold higher than that (7 ,ug (14) using p-nitrophenyl phosphate (pNP) as the substrate. Growth-plate cartilage segments, cell layers, or cartilage-like tissues from cultures were homogenized with a glass homogenizer in 0.9% NaCl/0.2% Triton X-100 at 0C and centrifuged for 15 min at 12,000 x g. The supernatant, which contained 95% of the total activity, was assayed in a 0.5 M Tris/HCl buffer (pH 9.0) containing 0.5 mM pNP and 0.5 mM MgCl2. The reaction mixture was incubated at 370C for 15 or 30 min, and the reaction was stopped by addition of 0.25 volume of 1 M NaOH. Hydrolysis of pNP was monitored as the change in A410 on a Hitachi spectrometer. p-Nitrophenol was used as the standard.
Determinations of DNA and Uronic Acid. Cell pellets or layers were washed with phosphate-buffered saline and then homogenized at 0-40C in 1 ml of 0.9% NaCl/0.2% Triton X-100. The homogenate (0.1-0.3 ml) was incubated at 370C for 16 hr with 3 mg Pronase E (Sigma; protease type XIV) in 3 ml of a 0.05 M Tris/HCl buffer (pH 8.0) containing 1 mM CaC12, 0.9% NaCl, and 0.2% Triton X-100. Tissue digest was used for a fluorometric assay of DNA (15) and for uronic acid assay (16) .
Collagen Synthesis. Cultures maintained for [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] days in centrifuge tubes were washed three times with methioninefree MEM and then exposed for 3 hr to 10 ,Ci of L-
[35S]methionine (800 Ci/mmol, New England Nuclear; 1 Ci = 37 GBq) in 0.5 ml of methionine-free MEM. After labeling, tissues were homogenized with a Polytron (Brinkmann) for 3 min in 50 mM Tris/HCI buffer (pH 7.2) containing 1 M NaCl, 0.2% Triton X-100, and protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 25 mM EDTA, and 10 mM Nethylmaleimide). The homogenized tissues were extracted with the same buffer for 24 hr at 4°C. A portion of the homogenate was incubated with pepsin (Sigma) at 1 mg/ml in 0.5 M acetic acid for 24 hr at 4°C. The pepsin-resistant material was solubilized with Laemmli buffer, and examined by NaDodSO4/polyacrylamide gel electrophoresis (17) in 4-20% acrylamide gradient gels under reducing conditions. After electrophoresis, the gels were processed for fluorography with En3Hance (New England Nuclear) and exposed to X-Omat AR film (Eastman Kodak).
Determination of Calcium Content and Alizarin Red Staining. Cell pellets or layers from four cultures were washed five times with phosphate-buffered saline (calcium-and magnesium-free) combined and then reduced to ashes by heating at 800°C for 10 hr. The ashed products were dissolved in 6 M HCl with 1% lanthanum chloride. The calcium content was determined with an atomic absorption spectrometer (Shimazu; model AA-640). Staining of tissues with alizarin red was performed as described (18 (Fig. 1) . The average doubling time was 2.5 days. The cultures reorganized into a cartilage-like tissue, which could be seen 8-10 days after cell seeding. The cultures were composed of spherical chondrocytes (about 106 cells). These cells were surrounded by an extensive matrix that stained metachromatically with toluidine blue (Fig. 2) . The uronic acid content of the cultures increased from day 7, reaching a maximum on day 16 (Fig. 1) . Exclusion gel chromatography (Sepharose CL-2B) of 35S-labeled macromolecules synthesized by 16-day-old cultures and the disaccharide analysis showed that the increase of uronic acid was due to the accumulation of large chondroitin sulfate proteoglycans characteristically found in cartilage matrix (data not shown). Alkaline phosphatase activity was extremely low during the growth stage of cultures (Fig. 1) . However, it increased from day 12, reaching a maximum on day 20. The maximal level of alkaline phosphatase activity was compa- rable to that ofthe in vivo growth cartilage (0.78 ± 0.03 versus 0.52 ± 0.14 ,umol of pNP hydrolyzed per ,tg of DNA in 30 min). A 4-day lag time between the increases in uronic acid and alkaline phosphatase activity (Fig. 1) was observed in several independent experiments. The sequential increases in DNA, uronic acid, and alkaline phosphatase contents may mirror the in vivo changes (proliferation, maturation, and terminal differentiation) of growth-plate chondrocytes.
Previous studies have shown that a short-chain (type X) collagen is produced by hypertrophic chondrocytes (3, 4) and that the short-chain collagen and alkaline phosphatase may be coordinately regulated (4). We therefore analyzed the types of collagens synthesized by 6-to 22-day-old chondrocyte cultures grown in centrifuge tubes. All cultures produced collagen chains with the mobility of al (Fig. 3) . However, no a2(I) chains of type I collagen were detected, indicating little, if any, contamination of osteoblasts. The collagen al chains were immunoprecipitated with antiserum against type II collagen, but not with anti-type I antiserum (data not shown). Furthermore, cultures produced, after day 12, a short-chain collagen (Fig. 3) , which was digested with pure bacterial collagenase (data not shown). The short-chain collagen (70 kDa) was slightly larger in size than that produced by chicken embryo hypertrophic cells (3) and appeared to be similar to that produced by rabbit growthplate cartilage in organ culture (19) . The synthesis of the short-chain collagen (Fig. 3) roughly paralleled the increase in alkaline phosphatase activity (Fig. 1) . These results also suggest that chondrocyte cultures in centrifuge tubes undergo terminal differentiation.
Mineralization in high-density cultures grown in centrifuge tubes was revealed by alizarin red staining (Table 1) , chemical analysis (Table 1) , and electron microscopy (Fig. 4) . None of 7-and 10-day-old cultures in centrifuge tubes stained with alizarin red, which identifies calcium deposits. Some 15-day-old cultures stained lightly, whereas all 21-day-old cultures stained with alizarin red ( ) . Therefore, the calcification was not secondary to cell death. Electron microscopic analysis of the 33-day-old cultures showed that the increase of calcium was due to formation of apatite crystals in the extracellular matrix (Fig.  4 Upper). Energy-dispersive x-ray microanalysis confirmed that the crystals were composed primarily of calcium and phosphorus (data not shown). Matrix vesicles were present in the extracellular matrix (Fig. 4 Table 1 ). The lack of mineralization in high-density cultures (spot cultures) was not due to decreased synthesis ofa cartilaginous matrix. The uronic acid content of spot cultures was similar to that of cultures in centrifuge tubes (Table 1) . Furthermore, the cells in spot cultures formed a multilayered colony composed of welldifferentiated chondrocytes in an abundant cartilaginous matrix, as previously reported (9) (10) (11) (12) . The lack of mineralization may be ascribed to low alkaline phosphatase activity, because alkaline phosphatase activities in 21-day-old high- and low-density cultures on plastic dishes were lower by factors of 15 and -80, respectively, than that of the cultures in centrifuge tubes (Table 1) . These results support the hypothesis that alkaline phosphatase is important for carti- 2.7 ± 0.4 Chondrocytes were seeded and maintained in centrifuge tubes, as described for Fig. 1 . TGF-f31 was added 15 days after cell seeding.
The medium was changed and the factor was added every other day. Contents of DNA, uronic acid, and alkaline phosphatase were determined on day 21. The calcium content was determined on day 26. The calcium level of the 15-day-old cultures was 1.46 ,ug per culture. Values are means ± SD for four determinations. ND, not done.
*pNP hydrolyzed, nmol per Ag of DNA in 30 min. lage mineralization (5, 6) . When 3 mM phosphate or 5 mM glycerol 1-phosphate was added to spot cultures on plastic dishes, the matrix calcified despite the low alkaline phosphatase activity (data not shown).
Next, we examined whether the calcification in centrifuge tubes could be controlled by agents that alter chondrocyte properties. When BrdUrd was added to the system on day 6, no increase in uronic acid content was observed (Table 2) , as expected (20, 21) . Furthermore, neither the induction of alkaline phosphatase nor mineral deposition was noted in the BrdUrd-exposed cultures (Table 2) . Thus the mineralization observed in vitro must be a result of the cytodifferentiation of growth-cartilage cells. In another approach, the serum concentration was reduced to 0.3-3% (from 10%) 15 days after cell seeding. By day 15, chondrocytes fully expressed proteoglycan-synthetic activity (Fig. 1) and were already reorganized into a cartilage-like tissue (data not shown). Serum starvation abolished the increases in both alkaline phosphatase and calcium contents (Table 2) .
When human TGF-,81 was added to chondrocyte cultures in centrifuge tubes 15 days after cell seeding, the increase in alkaline phosphatase activity was suppressed by 80% and the increase in calcium content was suppressed by 70%o after this treatment (Table 3) . However, the treatment with TGF-,81 had a marginal effect on DNA and uronic acid contents (Table   3 ). The effects of TGF-,31 on alkaline phosphatase activity and calcium deposition were concentration-dependent with an EC50 of about 0.3 ng/ml. These 
DISCUSSION
In the present study, we grew rabbit growth-plate chondrocytes as a packed mass in a centrifuge tube and maintained the culture in MEM with serum and ascorbic acid. These cells synthesized a short-chain collagen and alkaline phosphatase and then calcified their extracellular matrix. This study clearly shows that chondrocytes can induce extracellular matrix calcification by themselves when their terminal differentiation is permitted. Chondrocytes maintained at high density, but not at low density, on plastic dishes were previously shown to deposit a cartilaginous matrix (9-12), but no biomineralization was observed in the standard medium. Intimate interactions between chondrocytes and an extracellular matrix' in a pelleted mass in a centrifuge tube may stabilize the ability of chondrocytes to induce mineralization. Previous studies have shown that TGF-p stimulates chondrogenic differentiation of embryonic rat muscle cells in agarose gel (22) . TGF-,B also enhances the proliferation of rabbit growth-plate chondrocytes in culture in the presence of fibroblast growth factor and increases their proteoglycan synthesis (23) . In addition, we showed here that in rabbit growth-plate chondrocyte cultures in centrifuge tubes TGF13i suppresses the induction of alkaline phosphatase and mineralization. This indicates that TGF-P has a variety of actions in chondrocytes throughout the process of cytodifferentiation. The physiological significance of the in vitro effects ofTGF-,B observed in the present and previous studies is not known. However, TGF-,B may have a specific role in articular cartilage, since immunohistochemical studies have shown that the factor is particularly abundant in articular chondrocytes (24) .
Vascular invasion is thought to play a crucial role in the onset of cartilage calcification (see refs. 7 and 8 for review). Cartilage containing degenerating chondrocytes could be invaded by capillaries and chondroclasts (macrophages). The degenerating chondrocytes may contribute to the population of matrix vesicles present at the calcification front, although matrix vesicles also originate from budded-off processes of living chondrocytes (7, 8) . Furthermore, vascular invasion may decrease the content of proteoglycans that may be inhibitors of mineralization in cartilage (7, 8) . Treatment of chondrocyte cultures with proteoglycan-degrading enzymes, which can be released from bone marrow cells or macrophages, promotes mineralization (11, 12) . However, the present study showed that cartilage matrix can be calcified in chondrocyte cultures even in the absence of capillaries, chondroclasts, and bone marrow cells. The content of alkaline phosphatase in chondrocyte cultures in centrifuge tubes was similar to that of the in vivo growth plate. The calcium content (6 ,g/mg of dry weight) of cultures was one-third that (17 ,ug/mg of dry weight) of the in vivo growth plate, although a strict comparison was difficult. These results suggest that the onset of calcification can be controlled by hypertrophic chondrocytes themselves and that vascular invasion may be required for further progression or acceleration of the mineralization.
In conclusion, the present study demonstrated that cartilage calcification can be controlled by TGF-f3 and serum factors. This aspect of the regulation of cartilage-matrix calcification is important for understanding endochondral ossification and bone elongation.
